The IgG subclass responses to cold-adapted (ca) influenza A/Queensland/6/72 virus and purified haemagglutinin H3 was assessed in C57BL/6 and BALB/c mice. In BALB/c mice IgG2a was present as the major subclass in serum, lung and salivary secretions after two doses of ca virus. In contrast, the serum response in C57BL/6 mice was predominantly IgG1 after primary and secondary inoculations of ca virus. However, in lung and salivary secretions no specific subclass was dominant. When purified H3 was used as the inoculum, serum responses were dominated by IgGl in BALB/c mice after two inoculations whereas all four subclasses were present at equal levels in C57BL/6 mice. Overall the lung and salivary responses detected in C57BL/6 mice were lower than those observed in BALB/c mice with all four subclasses contributing equally to the response in BALB/c mice. The neutralizing and haemagglutination inhibition abilities of the four Protein A-Sepharose-purified IgG subclasses differed between the BALB/c, C57BL/6 and CBA/CaH mice strains. IgG1 and IgG2a were most effective in BALB/c mice and in C57BL/6 and CBA/CaH mice, IgG2a and IgG2b. These results are discussed in terms of the differing abilities of replicating and non-replicating virus to stimulate differential responses in mice and the TH1 and TH2 helper cell concept.
INTRODUCTION
Studies of the immune responses to influenza virus infection, or to influenza virus antigens, have indicated that virus-specific antibodies play a major role in host recovery and protection (Schulman, 1975) . Indeed, it has been demonstrated in the mouse model that passive transfer of immunoglobulins protect against challenge with infectious influenza virus (Virelizier et al., 1976 (Virelizier et al., , 1979 . In addition the study of immunoglobulin isotypes stimulated by the inoculation of different virus preparations (Liew et al., 1984) has attempted to examine the antibody isotype involved in these protection mechanisms (Balkovic et al., 1987) . With its widespread occurrence in the bloodstream, lymphatics and peripheral body fluids the antibody isotype IgG is likely to be the most important in neutralizing the virus (Possee et al., 1982) .
Four isotypes of IgG have been identified in the mouse, and designated IgG 1, IgG2a, IgG2b and IgG 3 (Fahey et al., 1964; Grey et al., 1971) . These vary in their biochemical, immunological and physiological properties (Spiegelberg, 1974; Dorrington, 1978; Winkelhake, 1978; Burton, 1985) . As the mechanisms of viral neutralization vary with antibody class (Dimmock, 1984) it has become important to understand the roles of the four IgG subclasses induced in response to viral infection.
Previous reports have demonstrated that IgG2a is the major subclass induced in the serum of mice infected with cold-adapted (ca) influenza virus (Balkovic et al., 1987; Hocart et al., 1988) .
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The ca viruses have been proposed as alternative vaccine strains to split or subunit virus preparations (Maassab, 1967) . However, it is not known whether each of the four murine IgG subclasses induced by ca influenza virus is able to neutralize influenza virus, or whether the IgG subclass response is mouse strain-restricted, as described for IgG subclass responses to polysaccharide antigens and trinitrophenol complexes (Perlmutter et al., 1978; Slack, 1987) . This work was undertaken to study the IgG subclass responses in two strains of mice (C57BL/6 and BALB/c) to a ca virus and purified haemagglutinin H3 preparation. The responses induced are then compared to those obtained previously using CBA/CaH mice (Hocart et al., 1988) . In addition, the neutralizing abilities of each of the four Protein A-Sepharose-purified IgG subclasses from BALB/c, CBA/CaH and C57BL/6 mice were assessed by haemagglutination inhibition (HI) and neutralization assays.
METHODS

Viruses.
The virus used in this study was a ca derivative of the wild-type (wt) influenza A/Queensland/6/72 virus (H3N2), kindly supplied by Dr G. Tannock (Faculty of Medicine, University of Newcastle, New South Wales, Australia). Virus stocks were grown in 10-day-old embryonated chicken eggs and incubated at 33 to 34 °C. After 48 h the infected allantoic fluid was harvested, precipitated using 8 ~ (w/v) polyethylene glycol 6000 as described by Cockrell & Monstratos (1982) and purified on 40 to 60~ (w/v) discontinuous sucrose gradients. The visible bands of virus were removed and dialysed overnight against 0.1 M-phosphate-buffered saline (PBS) pH 7.4, containing 0.15 M-NaC1. The resulting stock was divided into samples and stored at -70 °C.
IgG subclass determination. An ELISA was developed to analyse samples for their IgG subclass content using microtitration plates coated with purified H3 from wild-type virus A/Queensland/6/72. After dilution to 20000 haemagglutination (HA) units/ml (equivalent to 15 ~tg protein/ml) in carbonate buffer pH 9.6, 100 ~tl of the H3 solution was added to 96-well plates (Flow Laboratories) and incubated overnight at 4 °C. Samples to be analysed were diluted 200-fold in PBS containing 0.01 ~ (v/v) Tween and 1 ~ (w/v) bovine serum albumin (PBST), and added to the 96-well plates after they had been washed three times with PBST. After a further overnight incubation at 4 °C, the plates were washed again and rat monoclonal anti-mouse IgG subclass antisera (Cooper Biomedical) were added and incubated at 4 °C for 6 h. The plates were washed three times with PBST and incubated overnight at 4 °C with alkaline phosphatase-conjugated goat anti-rat IgG (Bio-Rad) previously diluted in a 10-fold dilution of normal mouse serum. The plates were washed with PBST and a 1 mg/ml solution of p-nitrophenol phosphate was added. The absorbance at 405 nm was then determined using a Multiskan plate reader (Flow Laboratories). The anti-HA response was expressed in ELISA units after referring to a standard curve constructed using a standard positive serum and a four-parameter logistic model (Rodbard & Hutt, 1974) . The ELISA values for normal mouse serum controls were deducted from all sample readings.
Specificity of anti-mouse IgG subclass monoclonal antisera. Specific mouse IgG subclasses were either isolated from the mouse hybridomas CIRU 215 (IgG1), OKT3 (IgG2a) and OKM1 (IgG2b) all kindly donated by Associate Professor K. Turner, Princess Margaret Hospital for Children, Subiaco, Western Australia or purchased from Miles Laboratories. Ascitic fluid was purified on Protein A-Sepharose 4B (Pharmacia) by the method of Ey et al. (1978) . The specificities of the rat monoclonal anti-mouse IgG subclass antisera used in the ELISAs were then determined using the isolated mouse subclasses in an ELISA. Subclasses were coated onto plates at a concentration of 10 ~tg/ml and the ELISA was performed, as outlined above, using a goat anti-rat IgGalkaline phosphatase conjugate diluted in normal mouse serum.
No significant crnss-reactvity was found between the monoclonal IgG subclass antisera. When tested against the different subclasses bound to test plates, absorbance values of 0.2 to 0.3 were detected; these were within background levels.
Purification ofhaemagglutinin (H3). H3 from wt virus was prepared by incubating the virus at room temperature with 1 to 1.5~ (v/v) Nonidet P40 (NP40) for 60 to 70 rain. After centrifugation to clarify the solution, the resulting superuatant was layered onto continuous 5 to 20 ~ (w/v) sucrose gradients containing 0-1 ~o (v/v) NP40. The gradients were centrifuged for 7-5 h at 260000 g and then separated into 13 fractions. The fractions shown to contain HA activity were further purified on an oxamic acid-agarose (Sigma) affinity column to remove any contaminating neuraminidase (Phelan et al., 1980) . NP40 was then removed with Bio-Beads SM-2 (Bio-Rad) by the method of Holloway (1973) and the resultant sample was dialysed against PBS. The H3 was then analysed for 'purity by HA, neuraminidase assay and SDS-PAGE (Hocart et al., 1988) .
Albumin content. The albumin content of lung lavages and pilocarpine-induced salivary secretions was assessed using plates coated with rabbit anti-mouse albumin (Nordic Immunological Laboratories) in an ELISA capture assay. The bound albumin was detected using a rabbit anti-mouse albumin-alkaline phosphatase conjugate (prepared by the method of Voller et al., 1976) . Purified mouse albumin (Nordic Immunological Laboratories) was used as a positive control.
Mouse inoculations.
Ten-week-old BALB/c, CBA/CaH and C57BL/6 mice, obtained from the Animal Resource Centre of Western Australia, were used throughout these studies. At the time of inoculation every mouse was anaesthetized by an intraperitoneal injection of 0.15 to 0.2 ml of pentobarbitone sodium (Ceva Chemicals) in PBS. Two different virus inocula were used: the ca virus was inoculated intranasally (i.n.) and the purified H3 preparation was inoculated intramuscularly (i.m.). A dose of 100 HA units (0-3 ~tg protein) of the ca virus and 100 HA units (0.075 ~g protein) of purified H3 were administered to individual mice. Virus inocula were instilled i.n. in a total volume of 0-05 ml using a calibrated 0-025 ml dropping pipette. Inoculations performed i.m. were delivered in a total volume of 0.1 ml using a 1 ml syringe. Control mice received the appropriate volumes of PBS. All mice were re-inoculated after 8 weeks.
Preparation of lung, nasal and serum samples. Nasal and salivary secretions were stimulated by injecting anaesthetized mice i.m. with 0.1 ml of a 2~ (w/v) solution of pilocarpine hydrochloride solution in 0.5~ (v/v) hypromellose (Holt et at., 1987) . The resulting secretions were collected over a 5 to 7 min period. The mice were then bled, killed and their lungs were lavaged with 1 ml of PBS. At each time point samples from five individual mice were pooled and stored at -20 °C until analysed and the results expressed as a mean and standard deviation.
Neuraminidase assay. The neuraminidase activity of samples were determined using N-acetylneuramin-lactose (Sigma) as substrate according to the method of Cuatrecasas & Illiano (1971) .
HI. Serum was obtained from three strains of mice (CBA/CaH, BALB/c and C57BL/6) which had been inoculated previously i.m with purified H3 and bled 7 weeks later. The serum was fractionated on a Protein ASepharose 4B column to isolate the four IgG subclasses as outlined below. HI assays were performed using the wt strain of virus, the isolated IgG subclass fractions and freshly collected chicken red blood cells according to the method of Mackenzie et al. (1975) .
Neutralization assay using MDCK cells. Madin-Darby canine kidney (MDCK) cells were obtained from the Commonwealth Serum Laboratories (Melbourne, Australia) and grown in Dulbecco's modified essential medium (DMEM) containing 10~ (v/v) foetal calf serum. Cells were grown in 96-well plates and allowed to become confluent. The four IgG subclasses isolated using Protein A-Sepharose 4B were heat-treated at 56 °C for 30 min to remove any contaminating IgE antibody or complement (Ishizaka et al., 1967; Soltis et al., 1979) . This treatment has been shown not to affect the neutralizing activity of anti-trypanosome IgG subclass antibodies (Wechsler & Kongshavn, 1985 , 1986 . All sera were then serially diluted twofold, mixed with 200 TCID50 of wt virus and incubated for 1 h at 37 °C. Confluent cell monolayers were then washed with maintenance medium and 100 ~tl of each sample dilution was added to appropriate wells as well as virus and cell controls. Samples were allowed to absorb to cells for 1 h at room temperature and cells were washed with maintenance medium. Maintenance medium plus 0.0 l ~ (v/v) trypsin was added to the wells of all test plates which were incubated at 37 °C for 4 days.
To assess results, medium was removed and 0.036 ~ (w/v) of neutral red in PBS was added and incubated at 34 °C for 30 min. Plates were washed three times with PBS and any remaining neutral red was extracted with 50~ (v/v) ethanol in PBS. The absorbance of the resulting mixture was determined at 472 nm using a Multiskan plate reader (Flow Laboratories). To determine positive results the mean absorbance of cell control wells plus three standard deviations was determined and any samples with an absorbance more than this were regarded as positive.
Purification oflgG subclasses from mouse serum. Serum obtained from CBA, BALB/c and C57BL/6 mice 7 weeks after the secondary i.m. inoculation with purified H3 was fractionated on a Protein A-Sepharose 4B (Pharmacia) column according to the method of Seppala et al. (1981) . Protein A-Sepharose 4B was swollen in 10 mM-PBS pH 8, containing 0.1 ~ (w/v) sodium azide and packed into a glass column (Bio-Rad). The column, with a final bed volume of approximately 10 ml, was stored and used in a cold room (4 to 5 °C). Before the application of samples the column was equilibrated with five bed volumes of 0.1 M-phosphate buffer pH 8.0, containing 0.1 ~ (w/v) sodium azide. A sample to be fractionated was adjusted to pH 8.0 with 0.5 M-PBS pH 8.1 and 5 ml samples were applied to the column. The column was eluted at a flow rate of 0.15 ml/min with buffers of various pH values in the following order: 0.1 M-phosphate buffer pH 6.0, 0.1 M-sodium citrate-citric acid buffers pH 5 and pH 4.5, 0.1 Mcitrate buffers pH 3.5 and pH 3.0. Fractions were neutralized by collecting them in tubes containing 1 M-Tris-HCI pH 9-0. The column was then immediately restored to pH 8-0 with 0-1 M-phosphate buffer for re-use. Column eluates were monitored using a u.v. monitor (Pharmacia) set at 280 nm. Peaks eluted from the column by each of the buffers were concentrated back to their original volumes using vacuum concentrators (Sartorius).
RESULTS
IgG subclass responses of C57BL/6 and BALB/c mice to i.n. inoculated ca virus
The IgG subclass responses in the serum, lung and saliva of BALB/c and C57BL/6 mice were investigated after infection with ca influenza A/Queensland/6/72 virus. The initial response in sera to infection in BALB/c mice was largely of the IgG2a subclass, 10-fold higher than any other subclass. Although the IgG2a subclass was not detected until 7 weeks after a primary infection, it was the major contributor again in the antibody response following a second (Fig. la) . In contrast, the IgG subclass response of C57BL/6 mice following exposure to either one or two doses of virus was predominantly of the IgG 1 subclass which was present at a level at least 10-fold higher than the other three subclasses (Fig. 1 d) .
In the lungs of BALB/c mice, the response was restricted to the IgG2a and IgG3 subclasses after a primary inoculation, and to the IgG2a subclass after secondary stimulation, although all four subclasses were induced. Indeed the IgG2a response was more than 10-fold higher than that of the other subclasses (Fig. 1 b) . The IgG subclass profiles observed in the lungs of C57BL/6 mice were initially composed of only IgG 1 and IgG2a, but all four subclasses in approximately equal proportions were found 7 weeks after primary infection and also after a secondary infection (Fig. 1 e) .
The IgG2a and IgG2b subclasses were the only subclasses present in salivary secretions at 3 and 7 weeks respectively after primary inoculation into BALB/c mice (see Fig. 1 c) . However, as observed in serum and lung responses, a second dose of virus elicited the production of all four IgG subclasses, although the IgG2a response was slightly higher than that of the other subclasses. In contrast, all four subclasses were present in the salivary secretions of C57BL/6 mice 7 weeks after primary inoculation, and the IgG 1, IgG2a and IgG3 subclasses were all at slightly elevated levels in comparison to the IgG2b subclass levels (see Fig. l f) . Surprisingly the IgG2a subclass was not present in the response induced by a second inoculation of virus, and the IgG2b and IgG3 subclasses were both present at levels fivefold above the level of the IgG1 subclass.
IgG subclass responses in C57BL/6 and BALB/c mice to i.m. injected purified 1-13
The subclass profiles following the i.m. injection of a non-replicating antigen, purified H3, were quite different as all four IgG subclasses were detected in the serum of both BALB/c and C57BL/6 mice after a single dose of purified H3 (Fig. 2a and d respectively) . However, in BALB/c mice the IgG 1 and IgG2a subclasses were present at levels two-or threefold higher than the other two subclasses 3 weeks after stimulation and by 7 weeks after the primary inoculation this difference had increased to five-or sixfold. In contrast, the IgG1 isotype in C57BL/6 mice * All serum samples were derived from each mouse strain after i.m. inoculation with purified H3, and bled at 7 weeks post-inoculation. The major IgG subclass in the serum of CBA/CaH, C57BL/6 and BALB/c mice is IgG2a, IgG2b and IgG1 respectively. t The serum titres before purification (1) and after purification (2) on Protein A-Sepharose are shown.
was at least fivefold higher than the other three subclasses at both 3 and 7 weeks after the primary injection. A secondary inoculation of purified H3 induced increased levels of aU four subclasses to equivalent levels in C57BL/6 mice whereas it enhanced the levels of IgG1 in BALB/c mice to between five-and 10-fold higher than the levels of the other three subclasses.
As found with the serum responses, all four IgG subclasses were present in the lungs of BALB/c mice at 3 and 7 weeks after the primary inoculation (Fig. 2b) , but in C57BL/6 mice the lung responses consisted of the IgG2a and IgG3 subclasses initially and by 7 weeks after primary inoculation the IgG2b subclass was at equivalent levels (Fig. 2e) . A secondary inoculation boosted the levels of all four IgG subclasses in BALB/c mice, but in contrast the response in C57BL/6 mice was reduced to barely detectable levels (Fig. 2e) .
In the saliva, the IgG2a subclass was the major contributor to the response of BALB/c mice after a single inoculation of purified H3 (Fig. 2c) . A similar profile was observed in the saliva of C57BL/6 mice with IgG2a as the major contributing subclass detected (Fig. 2f) . However, after a secondary inoculation all four IgG subclasses were induced in the saliva of BALB/c mice whereas the response was again significantly diminished in C57BL/6 mice ( Fig. 2c and 2f  respectively) .
Purification of subclass antibodies on Protein A-Sepharose
The IgG subclass antibodies were purified from the serum of CBA/CaH, BALB/c and C57BL/6 mice by the method of Seppala et al. (1981) . Mice were inoculated with purified H3 by the i.m. route, and sera were collected 7 weeks after primary inoculation. Four distinct peaks were detected after serum samples had been eluted from the column at pH 6, pH 5, pH 4.5 and pH 3. After concentration to their original volumes, each was assayed using the ELISA as outlined above and cross-reactions of the subclasses in each peak were noted (see Table 1 ). IgG 1 and IgG3 were found to be relatively uncontaminated by the other subclasses, but the separation of IgG2a and IgG2b was not as effective, and each preparation contained about 50~ of the other subclass when tested.
HI assays with IgG subclass preparations
The purified IgG preparations were examined for their ability to inhibit the haemagglutination of chicken erythrocytes by the wt strain of influenza A/Queensland/6/72 virus. The results are shown in Table 2 . Of the subclass preparations derived from the serum of BALB/c mice, the highest HI titres were associated with IgG1 and IgG2a. In contrast, the highest HI titre from C57BL/6 mice was associated with IgG2b, and from CBA/CaH mice the highest HI titre was associated with the IgG2a and IgG2b subclasses.
Neutralization assays with IgG subclass preparations
The IgG subclass preparations were investigated for their ability to neutralize wt influenza A/Queensland/6/72 virus in MDCK cells. The results are shown in Table 2 . The virus neutralization titre of the IgG 1 preparation derived from BALB/c mice was twofold higher than the titre for IgG2a and fourfold higher than that for IgG2b, whereas IgG2a and IgG2b exhibited the highest titres of the four subclass preparations obtained from C57BL/6 mice. Of the subclass preparations from CBA/CaH mice, the highest neutralization titre was observed with IgG2a which was twofold greater than that of IgG2b.
Albumin levels
Albumin levels in lung lavage fluids were 0.1 to 0.025 ~ of those found in serum indicating that the contamination of lung lavage samples with serum albumin was minimal. Therefore it was assumed that little damage occurred to the lung during sampling and contamination of lavage samples with serum antibodies was negligible.
DISCUSSION
In previous reports (Hocart et al., 1988 (Hocart et al., , 1989 we have shown that IgG2a is the major subclass produced in the serum and lungs of CBA/CaH mice infected with wt or ca influenza A/Queensland/6/72 virus, regardless of the route of inoculation. However the response to a nonreplicating antigen, purified H3, consists of all four IgG subclasses. However, the present study has indicated that the IgG subclass response may vary between different inbred mouse strains. That is, for CBA/CaH mice the response in the serum, lungs and saliva of BALB/c mice to i.n. inoculation with ca influenza virus was predominantly of the IgG2a subclass, whereas the response of C57BL/6 mice was largely of the IgG I subclass in the serum, but involved all four subclasses equally in the lungs 7 and 14 weeks post-infection. A rather unexpected observation was the lack of response in the lungs and saliva of C57BL/6 mice to a second exposure of the nonreplicating H3 antigen. Coutelier et al. 0987 ) observed a similar effect when using different strains of mice to examine the IgG subclass responses to a panel of replicating viruses and nonreplicating protein antigens (including Sendal and Sindbis viruses, tetanus toxoid and bovine fibrinogen), and found that the IgG2a response induced in C57BL/6 mice was significantly lower than that observed in CBA/Rij and 129/Sv mice. Their observations, as well as ours, were reproducible in each experiment and indicate that mice of different inbred strains produce a characteristic IgG subclass profile in response to infectious viruses and non-replicating viral antigens, which could be related to the Ig allotype of the mice. Indeed, the IgG subclass response patterns induced by T cell-dependent and T cell-independent antigens in different strains of mice was shown by Slack (1987) to be controlled by Ig allotype-linked genes located on mouse chromosome 12. • The lgG subclass giving the greatest activity is shown under each heading.
The levels of IgG isotypes in the serum of different inbred mouse strains suggest that the regulatory system for immunoglobulins is a characteristic of each mouse strain (NatsuumeSakai et al., 1977) . Thus IgG2b was found to be the major subclass in C57BL/6 mice, and IgGl the major subclass in BALB/c mice (Natsuume-Sakai et al., 1977) , whereas IgG2a was found to be the predominant subclass in CBA/CaH mice (our observations, results not shown). Although anti-influenza virus activity was seen in all four IgG subclasses by ELISA in BALB/c and C57BL/6 mice in this study, and in CBA/CaH mice in an earlier study (Hocart et al., 1988) , the contribution of each IgG subclass to neutralizing and HI activity varied between the mouse strains which were examined (for summary see Table 3 ). This result was not unexpected as it supports the findings of Slack (1987) who used T cell-dependent antigens in different strains of mice and reported differing responses related to Ig allotype-linked genes. From our results and those reported by others (Balkovic et al., 1987; Coutelier et al., 1987) it would appear that the IgG2 isotypes may be the most important in virus neutralization in vitro and elimination in vivo, although IgG 1 was at least as active in BALB/c mice. In support of this, the IgG2 subclasses are the best activators of complement which is an important component in the elimination of influenza virus in the mouse model (Hicks et al., 1978; Oi et al., 1984) . Furthermore, the interaction of the IgG2 isotypes with macrophages and natural killer ceils would enhance the ability of these cells to eliminate virus and contribute towards the protection from infection with influenza virus (Fujisawa et al., 1987; Hashimoto et al., 1983; Lopez et al., 1983; Natuk & Welsh, 1987) .
In addition, the physical properties of each subclass contribute towards the ability of each subclass to neutralize the virus in the different environments of the body such as mucosal surfaces. For example, the IgG subclasses derived from BALB/c mice vary in their ability to resist degradation by proteases (IgG1 > IgG2a > IgG2b) which would enhance their ability to remain longer upon mucosal surfaces and possibly retain their ability to neutralize virus (Parham, 1983) . Thus the secretion onto mucosal surfaces of the IgG 1 isotype would enhance the protection of the host from infection. However, the abilities of the four IgG subclasses to diffuse across mucosal membranes for each strain of mice are not known.
Additional control mechanisms that could regulate the expression of IgG subclasses in response to viral antigens are the levels of y-interferon and interleukin 4 (IL-4) in sera which have been shown to influence the expression of immunoglobulin isotypes (Snapper & Paul, 1987) . The 7-interferon and IL-4 are secreted by distinct subsets of helper T cells (TH 1 and TH2) as reviewed by Mosmann & Coffman (1987) and Coffman et aL (1988) . As the proportions of these T cell subsets are unknown in the different mouse species used in these and other studies the differences in the IgG subclass responses detected in response to replicating and nonreplicating virus preparations could be induced by the interaction of these antigens with either or both of these T cell subsets which would elicit various levels of IL-4 or y-interferon and therefore different IgG subclass profiles would be produced.
